Mercury is a well-known toxic metal which was found to be 0.005 to 0.5 mg/kg for normal plant materials and 1 to 3 mg/kg in contaminated plants that were known to be toxic. 1,2 The Sale of Drugs Act in Singapore states that the amount of mercury in herbal medicine must not be greater than 0.5 mg/kg. Chineseprepared medicines (CPM) come in the form of tablets (coated and uncoated), concentrated pills, syrup, capsules, soluble granules and others. 3 In many ways, CPM were very similar to plant materials, except that different herbs are added to a single product.
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Methods using wet acid digestion with cold-vapor atomic absorption spectrometry (CVAAS) for the determination of mercury in food were well reported in official methods. 4, 5 However, the pretreatment of samples using wet acid digestion can be rather tedious.
Microwave digestion using a closed-vessel based on the coupling of electromagnetic radiation with mineral acid to produce high pressure and temperature allows the reaction less time to complete than by conventional means. 6, 7 Other than for speed, closed-vessel microwave digestion also minimizes the loss of any volatile analytes, such as mercury. Methods used for the determination of mercury in crop and food samples using a closed vessel and open focused microwave digestion with CVAAS have been reported. [8] [9] [10] The total mercury in sediments and biological samples were determined using offline microwave digestion with flow-injection CVAAS. 11, 12 The aim of this work was to develop a simple, rapid, sensitive and high sample throughput method for the determination of mercury in botanical and CPM samples. The developed method uses two different types of closed vessels for microwave digestion with sodium tetrahydroborate and hydroxylammonium chloride as a reductant in the final determination by CVAAS. The effect of undecomposed organics after closed-vessel microwave digestion and other possible matrix interferences of the method were investigated. The method was used to develop an in-house reference material for day-to-day quality-control purposes. A simple approach of using a statistical qualitycontrol (SQC) chart was proposed for monitoring the stability of an analytical procedure.
Experimental
Reagents & standard reference materials High-purity concentrated nitric acid (BDH, Aristar Grade) was used for acid digestion. Deionized water from a Millipore Alpha-Q system that had the capability to produce 18 mΩ cm was used. One certified plant reference material (olive leaves, BCR No 62) was used. Mercury reference standards at 1000 mg/L were obtained from Perkin Elmer Corporation. Working standards of mercury in the range of 0, 5, 10, 15, 20 & 25 µg/L were prepared before use in 2% nitric acid by diluting from the reference standards.
A 3% w/v sodium borohydride (AR) and 1% w/v sodium hydroxide (AR) solution in deionized water was prepared for used as a reductant. A 15% w/v sodium chloride solution and a 21% w/v hydroxylammoninium chloride solution were prepared A method that is both simple and rapid for the determination of mercury in Chinese-prepared medicine (CPM) was developed. The method uses closed-vessel microwave digestion with final analysis by CVAAS with a sodium borohydride and hydroxylammonium hydrochloride solution. The accuracy of the method was checked using botanicalcertified reference materials (BCR62, olive leaves), and close agreement with certified values was achieved. The precision of the method, based on different types of CPM samples and different analysts on different days at different levels of mercury, was found to be between 5.0 and 13.3% (relative standard deviation, n = 6). A comparison between two different types of vessels for closed-vessel microwave digestion was performed. Potential matrix interference, such as undecomposed organics and others in CPM samples, was investigated. The effect of a hydroxylammonium hydrochloride solution was also investigated, and was found to have a strong impact on the accuracy of the method. Finally, the method was used to prepare in-house reference materials. A simpler approach of using a statistical quality control (SQC) chart was used to assess the stability of the reference materials and to monitor the stability of the analytical procedures.
(Received September 6, 1999; Accepted December 8, 1999) in deionized water; 20 ml of a sodium chloride solution with 12 ml of a hydroxylammoninium chloride solution was mixed and diluted to 100 ml with deionized water.
Microwave digestion system
A CEM MDS-81D and CEM MDS-2000 microwave digestion system (CEM Corporation, North Carolina, USA) with 12-position Teflon PFA vessel with a capping station was used. The digestion vessels for CEM MDS-81D came with a controlled release valve and were capable of withstanding pressures of up to 250 psi. Advance Composite Vessels (ACV) with ruptured membrane that can operate up to 200˚C and 200 psi were used with the CEM MDS-2000 system. Before use, all PFA vessels were soaked with 10% nitric acid. The CEM MDS-81D system was initially programmed at 20% power for 5 min, 40% power for 5 min and 50% power for 20 min. The microwave power range was 0 -100% of full power (630 W ± 70 W) in 1% increments.
Sample preparation
For pills, coated and uncoated tablets, 15 to 20 were selected randomly and ground using a mortar and pestle. For capsules, the contents from 15 to 20 of them were emptied into a glass container and mixed. A powder sample was used without further treatment. 0.1 to 0.5 g of samples were weighed into the PFA vessel followed by adding 7 ml of concentrated nitric acid. The resulting solution after microwave digestion was filtered through Whatman no 41 filter paper and diluted to 50 ml with deionized water. A sample blank containing only 7 ml of concentrated nitric acid was prepared at the same time for microwave digestion. For standard-addition experiments, the samples were digested in a similar way and different concentrations of mercury were added.
Cold vapor atomic absorption spectrometry conditions
A standard Perkin-Elmer atomic-absorption spectrophotometer (Model 3100; Thornhill, ON, Canada) equipped with a Perkin Elmer MHS-10 hydride generation was used; the operating conditions are listed in Table 1 .
Ten milliliters of standards or sample digests were pipetted into a specific container, followed by adding 250 µl of a hydroxylammoninium chloride and sodium chloride solution before measurements were taken.
HPLC analysis of digest from closed vessel-microwave digestion
A HPLC system by Shimadzu LC10 VP series (Shimadzu Corporation, Kyoto, Japan) with a binary gradient system, autoinjector and diode array detection was used. The column used was the Hypersil Elite C18 (Hypersil, Cheshire, UK) 5µ, 250 × 4.6 mm. The digest was injected directly without any further treatment into the HPLC for analysis. For each analysis, the volume of injection was 20 µl and the oven temperature set at 40˚C. The mobile-phase consisted of A (water adjusted to pH 2.5 with phosphoric acid) and B (methanol). The mobile-phase started with 40% of B and increased to 100% in 15 min. The mobile-phase was brought back to the initial conditions at the end of 15 min and allowed to equilibrate for 5 min before starting the next analysis. Detection was at 254 nm.
Results and Discussion

Analytical performance
The linearity of the method was established from 0 to 25 µg/L of mercury. The limit of detection (LOD) and limit of quantitation (LOQ) were calculated based on 3-times and 10-times of the standard error of the intercept (σ y/x) from the leastsquares calibration. 13, 14 The LOD and LOQ were estimated to be 0.58 and 1.93 µg/L and the method's LOD and LOQ based on a 0.5 g of sample digested were calculated to be 0.06 mg/kg and 0.19 mg/kg, respectively. On the other hand, the LOD and LOQ calculated based on 3-times and 10-times the standard deviation of the blank was estimated to be 0.70 and 2.30 µg/L, respectively. The LOD and LOQ estimated from both methods were found to be rather close. The use of the standard error of the intercept (σ y/x) from the least-squares calibration was found to be a simple and realistic approach for estimating the LOD and LOQ without having to perform 8 to 10 determinations of the blank.
The effect of the concentration of nitric acid on the absorbance readings for mercury standards used for the proposed method was investigated. It was found that absorbance readings of Hg standards prepared in 1% nitric acid were much lower than that prepared in 2% nitric acid. However, the absorbance readings of Hg standards prepared in 5% and 10% nitric acid were close to that in 2% nitric acid. The results showed that insufficient nitric acid could result in suppressing of the absorbance value for the mercury standards. It will have a deep impact on samples whose absorbance values are found to fall out of the calibration range. Dilution of such samples must be done with 2% nitric acid in order to preserve the analytical accuracy of the method.
Method precision and accuracy
The accuracy of the method was checked by determining the mercury content in the certified reference material, BCR 62, olive leaves (certified value of Hg, 0.28 ppm); the results are tabulated Table 2 . Good accuracy and precision were observed for the reference materials analyzed using the proposed method.
The precision of the method was determined using different types of CPM samples; the results are tabulated in Table 3 . The precision of the method, based on different types of CPM samples by different analysts on different days at different levels of mercury, was found to be between 5.3 and 13.3% (relative standard deviation, n = 6). A higher variation in the results for coated tablet 1 and coated tablet 2 were mainly due to the non-homogeneity of the sample, as good method precision was observed for most of the other analyzed herbal medicines. The method was demonstrated to be repeatable, as shown in the results obtained for certified reference materials and the CPM samples analyzed on different days.
Two different types of vessels were used in this study; vessels with a pressure release valve were opened once they reached a head pressure of about 100 psi. Hence, the possibility of losing volatile components, such as mercury, existed. As for the vessels with a ruptured membrane (ACV), digestion was 392 ANALYTICAL SCIENCES APRIL 2000, VOL. 16 performed based on the head-pressure control, and the vessel was able to withstand pressures of up to 200 psi. The accuracy of the method using vessels with a pressure-release valve was checked using certified reference materials and compared with that using vessels with a ruptured membrane. The given results in Table 2 show that the accuracy of the method using vessels with a pressure release valve and with ACV was in close agreement with the certified values for BCR62, olive leaves. In a similar way, the determination of mercury in CPM samples (CPM coated tablet 3) using vessels with a pressurerelease valve was compared with that using ACV (Table 3) . Good method precision and close agreement between two different types of vessels were observed. The losses of any volatile components, such as mercury, had not occurred for vessels with a pressure release valve when it was opened during digestion. However, when using vessels with a pressure-release valve, a lower recovery of mercury was observed when the microwave power was set out of the optimum zone.
Effect of matrix interference
It has been reported that the presence of Ni, Cu, Ag, Pb and other metals interfere with the determination of Hg using CVAAS. 12, 15 Sodium chloride present in the sample matrix was reported to affect the mercury signal using CVAAS. 16 It was well reported that complete decomposition of the organic matter in plant material and others was not observed using a lowpressure closed-vessel microwave digestion system; 6,17 also organic matter present in the sample digest can affect the analytical signals of Hg by CVAAS. 18 The extent of digestion for botanical and CPM samples using closed-vessel microwave digestion was evaluated by analyzing the same sample digest by HPLC. Figure 1 shows the obtained chromatograms; also, complete decomposition of organic matter in the botanical and CPM samples was not observed. In certain cases, rather significant undecomposed organics were observed. The effect of possible matrix interference for the proposed method in the CPM samples were checked using standard addition; the results are tabulated in Table 4 . From the obtained results, significant matrix interference from undecomposed organics, metals and others were not observed in the analyzed CPM samples. As reported, there were 25.0 ppm of Pb and 45.5 ppm of Cu in the certified reference materials, BCR 62, olive leaves; the presence of Pb and Cu did not affect the accuracy of the proposed method. 
Effect of a hydroxylammonium chloride solution
The effect of hydroxylammonium chloride in the proposed method was evaluated by determining the Hg signal using CVAAS for CPM samples with and without the addition of a hydroxylammonium chloride solution. From the data obtained in Fig. 2 , the addition of a hydroxylammonium chloride solution showed a deep impact on the proposed method. In most of the CPM sample matrix, sodium borohydride by itself was not sufficient for the atomization of Hg. Only in two of the CPM sample matrix (coated tablet 1 and black pills) were the absorbance readings not affected by the addition of a hydroxylammonium chloride solution. However, due to the higher concentration of mercury present for coated tablet 1, a smaller sample size was used. This did result in less severe matrix effects compared to black pills and other CPM samples. It was suspected that the undecomposed organics after sample decomposition played an important role in the atomization of mercury in the CPM sample matrices. However, the HPLC chromatograms ( Fig. 1 ) for these two digests (coated tablet 1 and black pills) did not differ significantly from the other botanical and CPM sample matrices. Hence, it was suggested that a combination of effects may have been the cause of Hg signal suppression, where undecomposed organics can be an important factor. It was proposed that the combination of sodium borohydride with a hydroxylammonium chloride solution provided an efficient means of atomization of Hg in the botanical and CPM matrix for the proposed method.
Preparation of a CPM control sample and statistical qualitycontrol chart
In-house reference materials (RM)/control samples are important in day-to-day quality-control system. The attractive option of developing in-house RMs was that they are less expensive compared to certified reference materials (CRMs), and can closely resemble the laboratory's routine test samples. However, it must be stressed that RMs do not replace CRM, but enable CRM to be used on a less frequent basis. 19 The preparation of in-house RMs closely resembles the protocols setup for the preparation of CRMs. 20, 21 For CPM samples, the selected sample must be easily ground to fine particles; coated tablet 3 was selected. Upon preparing the sample, it was tested for homogeneity from 21 independent determinations performed on different days in different batches using the above-mentioned method. The obtained results are shown in Fig. 3 , and the relative standard deviation was 10.5% (n = 21), which is close to the interday method precision. Hence, the CPM sample was found to be homogeneous as an inhouse RM. Homogeneity testing of a sample using the above approach gave a realistic value for the upper control limit (UCL) and lower control limit (LCL) using a statistical quality-control chart. 22, 23 The obtained limits can be applied to stability testing purposes as well as monitoring the stability of an analytical procedure.
UCL and LCL were calculated based on two different approaches using the estimated standard deviation, as shown in Table 5 . In view that mercury was present at a trace level and the observed method precision, UCL 1 and LCL 1 were selected as the control limits, because it was between 74 to 125% of the target values. The control limits UCL 2 and LCL 2 were found to be more suitable if they were for the process control of the major components in the sample, since it was calculated to be 93 to 107% of the target values.
Preliminary stability data for CPM-coated tablet 3 over a period of seven months was determined and found to be from 2.0 to 2.5 ppm. The obtained data was within the LCL 1 and UCL 1 from the SQC chart. Hence, the material was deduced to have the required stability. The measurement of the reference values was performed with reference to the certified reference material, CRM 62, (olive leaves) using the proposed method. Further, a standard addition experiment was performed to check for potential matrix interferences.
Finally, the in-house reference materials were used with the SQC chart for monitoring the stability of the analytical procedures. At present, there are no universal agreements on how SQC charts are to be used. One approach for corrective actions was taken when the results fell out of the control limits, or any obvious non-random pattern was observed.
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